1] The impacts of a 40 ha stand of Eucalyptus camaldulensis in the Pampas grasslands of Argentina were explored for 2 years using a novel combination of sap flow, groundwater data, soil moisture measurements, and modeling. Sap flow measurements showed transpiration rates of 2-3.7 mm d À1 , lowering groundwater levels by more than 0.5 m with respect to the surrounding grassland. This hydraulic gradient induced flow from the grassland areas into the plantation and resulted in a rising of the plantation water table at night. Groundwater use estimated from diurnal water table fluctuations correlated well with sap flow (p < 0.001, r 2 = 0.78). Differences between daily sap flow and the estimates of groundwater use were proportional to changes in surface soil moisture content (p < 0.001, r 2 = 0.75). E. camaldulensis therefore used both groundwater and vadose zone moisture sources, depending on soil water availability. Model results suggest that groundwater sources represented $67% of total annual water use.
Introduction
[2] Grasslands are being converted to plantations and woodlands around the world at an accelerating rate [Herron et al., 2002; Jackson et al., 2002] . Trees generally use more water than cooccurring herbaceous species, and the establishment of plantations in grasslands is therefore likely to alter local hydrology. The consequences of large-scale afforestation on hydrologic cycles depend on factors such as the seasonality of precipitation and evaporative demand, growing season length, soil texture (influencing moisture retention and transmissivity), and management practices [Williams, 1990; Mather, 1993; Richardson, 1998; Vertessy et al., 2000; Jobbágy and Jackson, 2004; McElrone et al., 2004] . Increased rainfall interception and transpiration, declines in soil moisture, and decreased stream discharge have all been documented after plantation establishment in various areas [Calder et al., 1993; LeMaitre et al., 1999; Jackson et al., 2001; Gyenge et al., 2002; Farley et al., 2005] . Deep-rooted or phreatophytic plantation species have also been shown to lower groundwater tables [Bari and Schofield, 1992; Cramer et al., 1999] . In semiarid and arid regions where the interaction of saline groundwater with upper soil layers is harmful to crop species, the drawdown of water tables by large-scale afforestation can be beneficial. However, in areas characterized by low topographic relief, excessive groundwater use has also been shown to reverse hydraulic gradients belowground, causing localized aquifer discharge in upland plantation root zones [Heuperman, 1999; Jobbágy and Jackson, 2004] .
[3] The Rio de la Plata Grasslands of Argentina and Uruguay provide an ideal system in which to examine the hydrological consequences of vegetation change. Originally treeless, this region hosts one of the largest uncultivated grassland systems in the world [Soriano, 1991] . These grasslands also provide an extensive gradient in precipitation, soil chemistry, and soil texture that can be used to test general mechanisms of interactions between hydrologic cycles, biogeochemistry, and vegetation [e.g., Jobbágy and Jackson, 2003] . Moreover, in recent decades increasing areas of the Pampas have been converted to plantations, with new provincial and federal tax incentives likely to increase rates of land use conversions further [Wright et al., 2000] .
[4] The potential hydrologic and ecological consequences of afforestation in South America are extensive [Jobbágy, 2002; Jobbágy and Jackson, 2004] . Preliminary observations indicate that plantations of Eucalyptus camaldulensis (a phreatophytic species commonly grown in the region) often cause localized drawdowns of water tables and a net flux of shallow, saline groundwater from surrounding grasslands or relatively deep in the soil [Jobbágy and Jackson, 2004] . These fluxes appear necessary to support the transpiration demand of E. camaldulensis during dry periods, and indicate a significant departure from the regional hydrologic equilibrium that formed with the native grassland species. The higher transpiration rates of E. camaldulensis may also cause an increase in salt concentrations belowground through root exclusion during uptake [Jobbágy and Jackson, 2003, 2004] . Such changes in soil chemistry accompanying afforestation may ultimately lower the longterm productivity of planted areas [Cramer and Hobbs, 1992; Heuperman, 1999] .
[5] In this study, we use a novel combination of sap flow measurements, local hydraulic gradients, diurnal water table fluctuations, and soil moisture measurements to determine water use characteristics of a Eucalyptus camaldulensis plantation established in a native grassland of the Pampas. Groundwater contributions to total sap flow in the plantation are derived from diurnal water table fluctuations and linked with vadose zone moisture content. These observations over 2 years of measurements are then used to validate a detailed soil and canopy soil model for simulating the annual hydrologic mass balance, including unmeasured components such as soil evaporation and groundwater inputs from the surrounding grassland. Model sensitivity analyses provide a context for investigating the biological and physical controls on water balance in the plantation.
Methods

Study Site
[6] The Flooding Pampas, a subset of the much larger Pampas region, are temperate subhumid grasslands occupying $90,000 km 2 in central Argentina [Soriano, 1991] . The climate is temperate: humid, with mean annual temperatures of $14°C and a mean precipitation rate of $1000 mm yr À1 . The region is extremely flat with slopes of <0.1%. Poor drainage and generally humid conditions determine the presence of a shallow unconfined aquifer in most of the region ranging from <1 to $10 m below the surface and varying seasonally with the balance of precipitation and evaporative demand [Tricart, 1973] . Soils are derived from Quaternary and Holocene loess deposits [Zárate, 2003] . Saline/sodic soils with electrical conductivities up to 15 dS m À1 are frequent in areas of groundwater discharge [Soriano, 1991] , whereas nonsodic mollisols occupy recharge zones.
[7] The study described here was performed in a 40 ha Eucalyptus camaldulensis plantation at Castelli (Figure 1 ). The plantation (36°02.0 0 S, 57°50.3 0 W) was established in 1951 at 6 m 2 spacing without active management including fertilization or irrigation. It has a current density of 500-700 stems ha À1 with a mean tree height $45 m. The understory is sparse and dominated by the native shrub Celtis tala. Herbaceous species in the understory are generally absent except in tree fall gaps.
[8] The surrounding native grassland grows year-round with a mixture of C3 and C4 grasses typical of upland communities in the Flooding Pampas [Perelman et al., 2001] . Average annual precipitation from 1950 to 2002 was 987 mm distributed relatively evenly throughout the year. The soil at the site is a Hapludoll over laying an older eroded soil (II horizons). The horizon sequence at the site is: A (0-15 cm), AC (15 -35 cm), IIB (35 -75 cm), and IIC (75 -300 cm). Surface layers have silty loam textures, with clay content peaking in the B horizon and decreasing at depth. Sediment cores from the area show the presence of silty materials 8 to 10 m below the surface, followed by coarser sediments in contact with a clay layer at 18-20 m [Servicio Provincial de Agua Potable y Saneamiento Rural, 1987] . During our study period, the water table was typically located 1 -3 m below the surface. Saturated hydraulic conductivity (K sat ) in grassland surface soil layers determined from 4 m well tests during September 2002 and January 2003 was 1.0 ± 0.12 m d À1 [Amoozegar and Warrick, 1986] . Maximum grassland rooting depths are 1 -2 m, whereas plantation roots reach 5 -6 m depth and coincide with the upper boundary of a fully reduced (gley) sediment layer [Jobbágy and Jackson, 2004] .
Stand Characteristics
[9] At three locations (50, 100, and 150 m from plantation boundary) the diameter at breast height (DBH) was measured on 133 mature trees. Measurements of DBH were converted to basal area and divided into four size classes (0 -39, 40 -49, 50 -59, and 60+ cm) . Two incremental cores were taken on a subset of 40 trees across all size classes, and the depth of active xylem was estimated visually to the nearest 0.5 mm. The sapwood to basal area ratio did not vary significantly between size classes and a single relationship based on linear regression was used to determine the total sapwood area for all trees in each class (m = 0.18, r 2 = 0.9, p < 0.001). To estimate the sapwood area index (SAI, m 2 active xylem m À2 ground area), live, dead and missing stems were counted along two adjacent planting rows at the three locations until 20 live trees were encountered. The original planting density of 1 tree per 6 m 2 was converted to the current spacing (1 tree per 19 m 2 ) using the measured ratio of live trees to dead or missing trees along a planting row (0.32), and was then multiplied by the number of trees measured for DBH (133) to determine the total sampling area. For each size class, the combined sapwood area for all trees in that class was then divided by the total sampling area to determine its fractional SAI. (Table 1) . 
Hydrologic Setting
[10] Water table depths (z) were measured using pressure transducers (model PS9800, Instrumentation Northwest) in two 5 m hand-augured wells installed in the plantation and the adjacent grassland, with both wells 100 m from the plantation boundary. Additional z measurements were taken for shorter periods in the plantation 50 m from the boundary. After correcting for elevation (<3 mm resolution), measurements showed a decrease in potentiometric surfaces from 0.2 to 0.6 m moving from the grassland to plantation ( Figure 2 ). Hydraulic gradients between the grassland and forest disappeared only during very wet periods, occurring twice since observations at the site began in 2001 [Jobbágy and Jackson, 2004] . Groundwater levels beneath the plantation during the current study reached their lowest levels between early February and late March 2003 ( Figure 2 ) corresponding with maximum grassland-forest hydraulic gradients. The lowest soil volumetric moisture contents (q, 0 -18 cm, CS615 Campbell Scientific Inc., Logan, Utah) measured at two locations in the plantation 100 m from the grassland edge also occurred during this period, with values closer to field saturation occurring during the winter months. Surface q in the grassland is typically close to field capacity except during the summer.
Plantation Water Use: Sap Flow Measurements
[11] For the period August 2002 to May 2003, Graniertype heat dissipation sap flow sensors [Granier, 1987; Phillips et al., 1996] were installed in 18 sample trees distributed among the four size classes. One sensor per tree was installed. The 2 cm heated and reference probes were Figure 2 . Groundwater, surface soil moisture, and transpiration data from late winter 2002 to late summer 2003 (Julian days (JD) 265-102), divided into two overlapping periods on the basis of the contributions of vadose zone versus deep groundwater to transpiration fluxes. The first period (JD 265 -002) is characterized (top) by relatively stable plantation water table depths z ranging from À100 to À200 cm, increasing transpiration (E) associated with seasonal solar inputs, and (bottom) by high surface soil moisture content (q). The majority of water utilized for transpiration by E. camaldulensis during this period is derived from the vadose zone. During a transition period (JD 002 -034), surface q declines to a minimum as evaporative demand reaches maximum values during peak summer conditions. Deep groundwater becomes an increasingly important water source for E. camaldulensis during this interval. The mid to late summer (JD 034-102) in the region is characterized by deeper but relatively stable groundwater levels with plantation z fluctuating around À300 cm, recovering q, and decreasing E associated with declining temperatures and solar inputs. During this period, transpiration rates are independent of surface soil moisture content, and E. camaldulensis behaves as a strict phreatophyte (see section 3). installed using a low speed drill at a height of 1.5 to 2 m and separated by a distance of $15 cm. The heated probe and support circuitry were designed to dissipate a constant 0.2W into active xylem. Temperature differentials between the heated and reference probes were measured every 10 s, and 30 min averages were recorded with automatic dataloggers (models CR10X and CR21X, Campbell Scientific Inc., Logan, Utah). Sap flux density (U, kg H 2 O m À2 sapwood area s À1 ) in each tree was calculated as
where dT max is the maximum temperature difference recorded during no-flow (predawn) conditions, and dT is the 30 min. average temperature difference between the sensors during positive sap flow conditions [Granier et al., 1990] . Temperature differentials were corrected for the proportion of the heated probe in contact with active xylem after Clearwater et al. [1999] . This correction is necessary if the active xylem depth is less than the probe length (2 cm) and this occurred in only 3 of 18 trees.
[12] Stand-level transpiration (E, kg H 2 0 m À2 ground area s À1 ) was calculated from sap flux density and stand characteristics as
where r is the sapwood area index and U avg is the average sapflux density in each size class i. The 30 min. interval sap flow data were summed over each 24 hr period to give daily total water use in mm d À1 .
Plantation Water Use: Groundwater Fluctuations
[13] During periods of high E and low q, groundwater levels beneath the plantation fluctuate on a diurnal cycle with amplitudes ranging up to 15 cm ( Figure 3 ). Groundwater fluctuations have been used to quantify transpiration for some time [White, 1932; Freeze and Cherry, 1986; Farrington et al., 1990] , and we apply a modification of traditional techniques for this study. Our method is similar to that of Salama et al. [1994] , incorporating a hydrologic mass balance approach and a hydrograph separation technique to quantify the sources and sinks affecting plantation z. In this approach, direct withdrawals from groundwater through transpiration (E gw , mm d À1 ) are calculated as
where dz/dt is the rate of increase in groundwater levels (mm hr À1 ) from 0 to 4 a.m. multiplied by 24 to estimate inputs from the shallow aquifer in the surrounding grassland (Darcian flow), dz ref represents regional groundwater fluctuations not associated with local influences and is estimated from net daily changes (mm d À1 ) in the reference monitoring well in the grassland, dz pl is the net change in plantation z (mm) over a 24 hr period, and SY is the aquifer specific yield (m mm À1 ). A graphical representation of the component terms in equation (3) over a 24 hr cycle is displayed in Figure 3 .
[14] On a daily basis, transpiration measured by sap flow (E) should equal groundwater use (E gw ) plus changes in vadose zone soil moisture (dSM). Combining equations (2) and (3) and adding the soil moisture term gives
where dz is the sum of fluxes contributing to the diurnal groundwater fluctuations (24dz/dt À dz ref + dz pl ). Applying a simple linear regression through values of dz (x axis) and E (y axis) yields a relationship between dz and E such that the inverse slope should equal the specific yield SY of the aquifer. Equation (4) was also used to solve for soil moisture contributions to E during periods when the correlation between E and dz was poor. Days with precipitation events were excluded from this analysis.
[15] Equation (4) was also used to determine transpiration withdrawals from the vadose zone. Since E gw = dz*SY, equation (4) can be rearranged to show that the term dSM is equivalent to E À E gw . The fraction of total transpiration withdrawals derived from the vadose zone therefore follows as (E À E gw )/E.
Specific Yield Laboratory Measurements
[16] As an independent estimate of SY, laboratory measurements were performed on intact soil cores. For an unconfined aquifer, SY can be defined as the ratio of a measured change in z to the actual amount of water added to or removed from the water table. SY represents the water storage capacity of the saturated soil per unit depth [Morris and Collopy, 1999] or alternatively, the difference between total porosity and field capacity per unit volume of soil. Typical values range from 0.2 to 0.3 for sandy materials to <0.05 for soils with higher clay content. Hysteresis and air entrapment effects may lower these values by as much as one half in systems with fluctuating water levels. For this reason we performed SY laboratory measurements under fluctuating conditions similar to those observed in the field.
[17] We obtained two intact soil columns (72 and 85 cm lengths) in May 2003 from the forest interior 50 m from the grassland transition. PVC pipes (id 104 mm) were hammered directly into the soil starting at À2 m from the bottom of a soil pit. In the laboratory the columns were aligned vertically and connected through the bottom to an elevated water source equipped with a pass valve. A 12 mm id core was taken from the center of each soil column to 15 cm above the bottom. The soil column was saturated by opening the pass valve until the water level in the center well was 2 -3 cm below the surface. The valve was then closed and the column was subjected to surface drying with directed airflow. The intensity of drying was regulated to generate water table depressions of 16 -19 cm in 10 -12 hours. Changes in soil column water content during the drying cycle were determined gravimetrically. Water table depths were measured in the wells with a floating element and thin ruler. The dried columns were later subject to a rewetting cycle to create a water level rise of 16-19 cm in 12 -14 hours. Water consumption was measured by controlling additions to the elevated source using a graduated cylinder. Three full wetting and drying cycles were repeated on the two soil columns. Water volumes entering or leaving the source chamber were corrected for the amount of water contained in the observation well to determine changes in soil water storage. These storage values were divided by the corresponding changes in water table depths to obtain a value for SY (Table 2) . This value was used to parameterize the physical properties of the soil column model for simulations of groundwater dynamics beneath the plantation.
Model Description
[18] A brief description of the model structure is presented here and in more detail in Appendix A. A more complete description is given by Williams et al. [1996 Williams et al. [ , 2001 and Engel et al. [2002] . Direct measurements for baseline model parameter values were used when available (Table 3) . For the canopy model parameters not measured on site, literature values or reasonable estimates were used from simulations in other temperate forested systems [Williams et al., 1996; Engel et al., 2002] . Hourly meteorological input data were measured on a 3 m tower established in the grassland 100 m from the plantation edge and included precipitation, air temperature, relative humidity (CS 500, Campbell Scientific, Logan, Utah), and wind speed (Model 014A, Campbell Scientific, Logan, Utah). Longwave radiation inputs to the model were converted from air temperature minus 20 K and the Stefan-Boltzmann formulation [Jones, 1992] . Meteorological conditions at the site were monitored for 18 months beginning in August 2002 and were used to drive the model simulations. In October and November 2002, rainfall measurements were lost briefly because of equipment malfunction. Precipitation amounts The p value between soil columns is 0.0726, and the p value between cycles is 0.1523. and timing during this period were estimated from surface soil moisture changes in the grassland.
[19] The model subroutines governing soil column processes were modified from Stieglitz et al. [1997] and Engel et al. [2002] . The primary modifications included the addition of routines for simulating capillary action above the free water surface. In this scheme, capillary transport moves water from saturated zones upward to soil layers with a matric potential less than the equilibrium value based on elevation above z. In saturated layers the matric potential was added to a constant (À0.36 MPa) osmotic potential term. This value is based on electrical conductivity (EC) measurements of groundwater at the site that averaged 10 mS m À1 [Jobbágy and Jackson, 2004] .
[20] Model results were calibrated on both hourly and daily timescales against transpiration and groundwater measurements collected between December 2002 and April 2003. Modeled daily hydrologic fluxes were integrated to give annual values covering the period December 2002 to December 2003, and included external groundwater inputs and the fraction of total transpiration source water in the plantation derived from saturated zones.
Results
Plantation Water Use, Soil Moisture, and Groundwater Fluctuations
[21] Sap flow derived transpiration rates (E) averaged $2 mm d À1 over the study period with maximum rates of $3.7 mm d À1 (Figure 2 ). Total daily transpiration rates were closely correlated with both total solar radiation (r 2 = 0.75; p < 0.001) and daily average bulk atmospheric VPD (r 2 = 0.70; p < 0.001). Comparing daily E to Penman potential evapotranspiration (PET) indicated seasonal water stress during the summer decrease in surface soil moisture (q), with the ratio E:PET decreasing to low values ($0.4) during this period (data not shown). Ratios of E: PET increased in the fall and winter periods, averaging $0.6 and were correlated with cooler temperatures and increasing precipitation at the plantation.
[22] During periods of high E and low q in the summer dry season, groundwater levels beneath the plantation fluctuated with daily amplitudes of up to 15 cm (Figure 3 ; fluctuations uncorrected for specific yield). Decreasing groundwater levels during the day corresponded with direct transpirational uptake by Eucalyptus roots, while increasing groundwater levels at night were likely due to Darcian flow or upwelling of deeper sources caused by the hydraulic pressure of the shallower aquifer in the surrounding grasslands ( Figure 3 ). Rainfall events tended to raise overall groundwater levels due to recharge and to reduce transpiration withdrawals by lowering evaporative demand at the leaf surface ( Figure 3 ). On days without rain, fluctuations in z on hourly timescales closely tracked sap flow-derived estimates of E. However, the relationship between net daily groundwater fluctuations (dz) and stand transpiration E measured as sap flow also varied seasonally (Figure 4 , top). For example, values of dz and E in summer to early autumn (JD 002-102) showed a close correlation, while the relationship between these variables during winter and spring (JD 265-002) was weaker. The correlation between E and dz during the summer and early autumn suggests a significant groundwater contribution to total Eucalyptus water use during this period, with a low and relatively constant contribution from soil moisture.
[23] An estimate of the sediment specific yield (SY) (equation (3)) was necessary to convert net daily groundwater fluctuations (dz) to transpiration withdrawals (E gw ), and two independent methods converged on the same estimate for this system. Linear regression through the points in Figure 4 (top) collected during periods of low surface soil moisture yielded a value for SY of 0.038 ± 0.004 m mm À1 (p < 0.001; equation (4)). This value showed close agreement with the average value of 0.0359 m mm À1 determined from independent soil column laboratory measurements (Table 2 ). In the regression method, the y intercept (13.7 ± 6.4 mm d À1 ; p = 0.05) may represent fluctuations in z owing to other physical processes (e.g., changes in air pressure) or to error in estimates of transpiration at low sap flow rates.
[24] Measurements of groundwater and q suggest that E. camaldulensis derived transpiration source water from both saturated and unsaturated zones during periods when q was high (JD 265 -002) but gradually shifted to strict phreatophytic behavior during a transition period (JD 002-034) as q declined to minimum values (Figure 4 ). Prior to this shift, during JD 265-002, soil moisture in the unsaturated zone contributed significantly to E and caused inconsistent relationships between E and dz (Figure 4, top, squares) . Residual analysis (Figure 4, bottom) indicates that during this period the differences between observed and regressionpredicted dz decreased with q (r 2 = 0.75; p < 0.001). This relationship therefore suggests that E. camaldulensis functions as a facultative phreatophyte -increasingly withdrawing water from saturated zones as vadose zone q declines seasonally. The results in Figure 4 (bottom) also show that following the decrease of q to an apparent threshold level of $0.15 cm 3 cm À3 between JD 002 and 034, the relationship between E and dz thereafter became largely independent of q. This is apparent from the weak correlation (r 2 = 0.09) between residual dz and q after this period and the days following up to JD 102. During this interval, residual dz values were small and did not increase as q values increased to $0.3 cm 3 cm À3 with rain events near end of the sampling period. During this time the trees continued to function as strict phreatophytes deriving the majority of transpiration water from saturated zones.
[25] The switch from facultative to strict phreatophytic behavior by E. camaldulensis in the summer caused a seasonal change in the relationship between plantation water table depths (z) and groundwater withdrawals ( Figure 5 ).
For example, during the spring and early summer between JD 265-002, q decreased ( Figure 3 ) and net groundwater withdrawals (dz) by E. camaldulensis gradually increased ( Figure 4) . As dz increased during this period, the depth to the water table also increased ( Figure 5, squares) . However, during mid to late summer and fall (JD 034-102) dz and E both decreased and q began to increase, while z did not recover but instead continued to decline below À300 cm ( Figure 5, diamonds) . The lack of recovery in z indicates that the proportion of total transpiration derived from beneath the water table by these trees remained high after seasonal reductions in E. The switch to strict phreatophytic behavior by E. camaldulensis during the summer and early fall therefore changed the relationship between water table depth and transpiration rates in the plantation. The continued decline in z in the fall indicates that although groundwater withdrawals by the plantation were decreasing during this period, these withdrawals remained greater than the net flux of groundwater into the plantation.
Vadose Zone Contributions to Plantation Water Use
[26] Our observations of q, sap flow, and qz were also used to estimate transpiration withdrawals from the vadose zone during days when the correlation between E and dz was poor (equation (4)). A lack of correspondence between E and dz was observed primarily during the period between JD 265 and 034. During this period, our observations showed that the proportion of vadose zone moisture supplying transpiration increased to $100% as q approached $0.45 cm 3 cm À3 in the upper soil layers ( Figure 6) . A thirdorder polynomial produced the best fit between observations of q and the estimated withdrawals from the vadose Increasing dz values cause declining z over the initial portion of the study period (JD 265-034). Later in the study period, z declines further despite decreasing dz and decreasing transpiration withdrawals. A decrease in hydraulic conductivity below À250 cm may limit Darcian flow from the surrounding grassland, causing continued decreases in z despite the lower transpiration rates and maximum grassland-plantation hydraulic gradients during this part of the year.
zone and suggests the fraction of total transpiration water derived from unsaturated zones exhibits a positive sigmoidal relationship with q.
Model Simulations
[27] The diurnal fluctuations in plantation water table depths observed during the late spring and summer are reproduced well in the model results (Figure 7a ). Over the 1 year simulation period, modeled, daily average z exhibited a mean bias of +0.05 m compared to observations with a root mean square error of 0.16 m. Modeled hourly transpiration rates also show close agreement with measured values (Figure 7b ; r 2 = 0.85; p < 0.001). Overall, the model results compared well with observations and suggested that the biophysical factors controlling root uptake and groundwater levels were represented reasonably in these simulations.
[28] The modeled annual hydrologic mass balance suggests that $67% of transpiration source water came directly from groundwater (Table 4) . Closer inspection of model results reveals this percentage to change seasonally, with values generally increasing as water tables begin to decline during the wet-dry season transition period. Integration of daily results over the 1 year simulation period showed the amount of groundwater lost to deep drainage beneath the plantation (621 mm) and the Darcian inflows from the surrounding grassland (698 mm) were of similar magnitude as precipitation (804 mm) and transpiration (592 mm). This balance suggests that while the high plantation E accounted for deeper water tables and the local hydraulic reversals with respect to the topographically lower grasslands, seasonal groundwater levels at this site were also controlled to a large extent by regional hydrologic fluxes. Modeled soil evaporation rates represented $14% of total evapotranspiration in the system. Direct groundwater uptake through roots was estimated at 395 mm yr À1 (Table 4 ).
[29] A series of simulations was used to test the sensitivity of transpiration and other components of the plantation water budget to changes in model parameters controlling hydrologic processes (Table 4 ). These simulations showed that annual E was more sensitive to model parameters governing evaporative demand at the leaf surface than parameters governing root uptake. For example, increasing LAI by $50% from baseline values resulted in a 30% increase in annual E, while lowering the value of midday leaf water potential (Ψ L ) causing full stomatal closure by $25% resulted in a 38% increase in E. On the other hand, increasing root biomass by 50% from baseline values resulted in only a 3% increase in E (results not shown). In all cases, the amount of groundwater transferred through Darcian flow from the grassland to the plantation was positively correlated with E. In the simulations with E reduced below baseline values, Darcian inputs remained greater than the amount of water lost to deep drainage and the plantation continued to function in these runs as a net groundwater discharge zone for the surrounding grassland.
[30] With one exception, total annual inputs (precipitation plus Darcian flow) were greater than total losses (evapotranspiration, surface runoff, and deep drainage) in these simulations, and caused a net annual increase in total soil column water storage beneath plantation. The modeled increases in soil storage were due in part to the simulation interval (December 2002 -December 2003) over which Figure 6 . Fraction of transpiration withdrawals derived from the vadose zone (based on the difference between total sap flow E and direct groundwater uptake E gw ), which increases asymptotically to 1 as surface soil moisture values approach 0.45 cm 3 cm À3 . Negative fractions on the y axis are likely the result of measurement error causing transpiration rates derived from dz to be higher than derivations from sap flow measurements. The majority of the negative values represent data collected during the transition period. The slope of a line fit through the transition period data (solid symbols) is not significantly different from zero (r 2 = 0.17; p = 0.23). 803  677  125  592  118  395  698  621  10  34  1  803  634  163  770  106  504  897  621  9  30  2  803  729  73  348  139  237  443  622  16  48  3  803  677  125  607  117  120  157  621  10  À521  4  803  677  125  592  118  400  691  621  10  27  5  803  677  125  420  124  288  542  621  10  44  6  803  677  125  817  108  529  904  622  10  24  7 a All values are in mm yr À1 . b 1, baseline model simulation with calibrated parameter values; 2, LAI = 6.25; 3, LAI = 2.25; 4, soil hydraulic conductivity = 0.5 (1 Â 10 À5 m s À1 ); 5, soil hydraulic conductivity = 2.0 (1 Â 10 À5 m s À1 ); 6, minimum ψ L = À1.7 MPa; 7, minimum ψ L = À3.7 MPa. fluxes were integrated beginning with a relatively dry soil period and ending with a period of significant precipitation and soil recharge. The simulation that showed a net annual decrease in plantation soil water was produced by lowering the value of saturated hydraulic conductivity controlling Darcian inputs from the grassland by 50%. Although only this simulation resulted in a negative annual soil water balance, all of the simulations did show significant seasonal decreases in soil water during the late spring and summer. Interestingly, the simulation with a 50% decrease in saturated hydraulic conductivity also showed a 2.5% increase in E above baseline values. In this simulation, water table depth z was continuously lower than baseline values and decreased to the À6 m model boundary in 167 days. Since saturated layers in the soil column were parameterized with À0.36 MPa osmotic potential, decreases in z caused the integrated osmotic potential of the soil column to increase to 0 MPa at z = À6 m. In this model, E is proportional to the soil -leaf water potential gradient such that higher soil water potential results in lower belowground hydraulic resistance to root uptake. The slight increase in E above baseline values in this simulation therefore resulted from the increase in soil osmotic potential and overall decrease in belowground resistance. Although soil column matric potential also decreased with z and q in this simulation, the increase in osmotic potential offset these decreases in matric potential and permitted the 2.5% increase in E.
Discussion
[31] The combination of well data, sapflow, and vadose zone soil moisture (q) measurements showed that the study plantation used a significant amount of groundwater, creating a strong hydraulic gradient that drove a nearly continuous water supply from the surrounding grassland area. Our results also indicated that transpiration uptake by E. camaldulensis in this plantation was restricted to unsaturated, upper soil layers only when q approached 0.45 cm 3 cm À3 . On the other hand, during the summer when q was between 0.15 to 0.24 cm 3 cm À3 , nearly all transpiration water was derived from deep groundwater sources. Since drier surface conditions are correlated with lower water table depths, groundwater use by E. camaldulensis was found to increase with depth to the water table z. Interestingly, during these dry periods the ratio between daily E measured as sapflow and the net groundwater fluctuations (dz; Figure 4 ) was found to match very closely the specific yield of the sediments ($0.036 m mm À1 ) measured in the laboratory.
[32] The sap flow -derived transpiration rates for E. camaldulensis measured in this plantation are similar to values reported in other natural and managed stands [Salama et al., 1994; Cramer et al., 1999; Mahmood et al., 2001] . The observed switch from semiphreatophytic to strict phreatophytic behavior by E. camaldulensis has also been previously documented in other studies. For example, Mensforth et al. [1994] used isotopic tracers and measurements of soil-leaf water potential gradients to investigate uptake zones for a stand of E. camaldulensis overlying a saline aquifer, while Morris and Collopy [1999] used sap flow and a hydrologic mass balance to determine groundwater withdrawals. In these two studies, E. camaldulensis accessed both deep groundwater and vadose zone moisture sources when surface soil layers were relatively wet, but switched to deep groundwater only during drier periods.
[33] Over the 1 year simulation period the calibrated model results suggest that approximately 67% of total transpiration source water was derived directly from groundwater (Table 4 ). In comparison, Thorburn and Walker [1994] found on an annual basis 50-70% of transpiration source water for a stand of E. camaldulensis located near an ephemeral stream was derived from groundwater sources. Our modeled estimates of groundwater use by this species are within the range reported in other studies [Cramer et al., 1999; Morris and Collopy, 1999] .
[34] Higher groundwater use in the plantation relative to the native grassland communities was apparent from the overall lowering of z with respect to surrounding water tables throughout our study (Figure 2 ). Since the largest grasslandplantation hydraulic gradient ($0.6 m) occurred at the end of the summer following an extended period of low q, this suggests the hydrologic impacts of plantations may be most pronounced during drier summer conditions. Jobbágy and Jackson [2004] also noted the occurrence of diurnal groundwater fluctuations in this plantation during dry periods that did not occur in the nearby reference wells, indicating increased groundwater access by E. camaldulensis relative to the native grasses. This pattern was found to be consistent with the observed difference in maximum rooting depths in the plan- tation ($6 m) and the surrounding grassland ($1.5 m). Thus, during periods of high evaporative demand and low q, when transpiration rates in grassland communities are expected to decrease with increasing water stress and senescence, deeprooted trees such as Eucalyptus spp. may have the most impact on local water tables and hydrologic balance.
[35] During the latter portion of the study period, q increased with several rain events, but the fraction of source water for E withdrawn from beneath the water table during and following these events remained high between 60 and 70%. During this interval, total transpiration rates declined from the summer maximum as seasonal temperatures and evaporative demand also decreased. However, the continued high fraction of E withdrawn from the saturated soil layers resulted in the continued lowering of z despite the increased rainfall and higher water tables in the surrounding grassland. A declining z is predicted assuming the sum of transpiration withdrawals plus deep drainage is greater than recharge from the shallow water table (e.g., Darcian flow) in the surrounding grassland (24dz/dt in equation (1)). Inspection of the component terms defining dz showed Darcian inputs from the surrounding grassland decreased during the latter portion of the study period despite the increasing hydraulic gradient across the two systems reaching maximum values of $0.6 m. The decreased Darcian inputs may have been due to lower hydraulic conductivities with depth in the soil column restricting flow across the plantation boundary, with the resulting decrease in lateral inflows being insufficient to maintain or raise plantation z during the late summer, despite declining E and groundwater uptake. In a related study covering other areas of the Pampas, Jobbágy and Jackson [2004] showed that the productivity of E. camaldulensis decreased in plantations on soils with low hydraulic conductivity and cited increased water stress as a limiting factor in these systems.
[36] The continuation of strict phreatophytic behavior in E. camaldulensis during the latter portion of the study period, when precipitation inputs raised surface q, caused a seasonal hysteresis in the relationship between groundwater uptake, transpiration, and z in this plantation ( Figure 5 ). The inability of these trees to utilize surface moisture sources during this period may have been due to root mortality in the upper layers following seasonal drought stress [Gill and Jackson, 2000] , though the exact mechanism is unknown. Similar preference for saline groundwater compared to fresh surface moisture sources has been noted for E. camaldulensis in other studies Mensforth et al., 1994] . Grass species, on the other hand, generally respond more quickly to precipitation inputs after dry periods and utilize surface moisture sources to meet transpiration demands [Soriano, 1991] . Given this differential response to periodic rain events and the reliance of tree species on groundwater, the large-scale afforestation of Pampas grasslands could result in seasonal changes in water table depths and surface soil moisture content relative to that which occurred naturally with the native grassland vegetation. For example, water table depths may be expected to remain longer at minimum levels in areas of silviculture compared to grassland following the decreases in evaporative demand in the late summer. Such shifts in seasonal groundwater levels may have implications for rainfall-runoff responses and characteristic hydro-graphs of streams draining this region [Herron et al., 2002; Farley et al., 2005] .
Method Evaluation
[37] The combination of hydrological and ecophysiological approaches used here allowed us to quantify the daily and seasonal relationships between E, q, and z (Figures 3 -6 and equations (3) and (4)). We adapted techniques originally designed to determine vegetation-induced aquifer discharge in the context of larger-scale hydrologic budgets [Farrington et al., 1990; Thorburn et al., 1993] , increasing their temporal resolution ( Figure 5 ) and complementing them with analyses of soil moisture ( Figure 6) . Additionally, the close agreement between the value of SY derived from lab measurements with the value based on sap flow and groundwater fluctuations suggests a novel approach for using well data as a complement to sap flow to characterize belowground processes (see Bauer et al. [2004] for a related application of this method).
[38] Some constraints with the approach presented here need to be considered. For example, the sap flow data confirm dz*SY can be considered as a proxy for E only when upper soil layers are dry and not a significant moisture source (Figures 4 -6) . The method is also limited to periods when groundwater fluctuations due to E are dominant with respect to other forcings such as precipitation recharge or air pressure changes [Salama et al., 1994] . Because air pressure effects were not apparent in our grassland monitoring well we did not need to apply corrections for this term. Precipitation events, however, did cause rapid changes in z, and data collected on these days were excluded from the analyses. Much of the monitoring well data from the initial study period (JD 265-002) has to be excluded because of the absence of coherent, diurnal groundwater fluctuations. During this period z was high and ranged between À100 and À200 cm over weekly timescales with E values up to 3.5 mm d À1 . Diurnal groundwater fluctuations became apparent only when z fell below À150 cm. (Figure 6 ). The lack of clear fluctuations during much of this interval may simply have been due to a larger fraction of source water being withdrawn from vadose or capillary zones. However, higher hydraulic conductivities in the upper compared to lower soil layers may also have resulted in a more efficient transfer from the surrounding grassland aquifer, thereby preventing significant water table depressions on subdaily timescales. Alternatively, decreased SY in the upper soil layers due to textural changes could have also resulted in less intense fluctuation patterns.
[39] The method of converting sap flux measurements on individual trees to whole-stand water use rates introduced potential errors into our estimates of E and the comparisons with dz. Though our overall sample size (n = 18) was large enough to sample multiple trees in each size class, installing more than one sap flux sensor per tree may have improved our estimates of average sap flux velocity and total stand water use. Furthermore, we assumed no variations in sap flux velocity with xylem depth beyond the 2 cm of the probe length. More accurate estimates of E would have resulted with the measurements of sap flux velocity at multiple depths within the xylem of the sample trees. Scaling errors associated with variations in radial sap flux velocity are reduced in diffuse-porous species such as E. camaldulensis compared to ring-porous species [Clearwater et al., 1999] .
Modeling
[40] The close correlation between well data and observed transpiration rates with model results (Figure 7) suggests the soil-root-leaf dynamics in this system were reasonably well represented. Modeled z slightly overestimated monitoring well observations at 100 m from the grassland transition but were always less than z recorded at 50 m. Observations of declining z moving toward the plantation center reflect a decreasing ratio of Darcian inputs relative to transpiration withdrawals with distance from the more shallow grassland water tables. Since predicted z at 100 m was shallower than observations at this distance, modeled groundwater inputs from the surrounding grassland may have been overestimated. This model inaccuracy may have resulted from the application of Darcy's law and the coarse 1-D representation of groundwater flux in this system. Heterogeneous sediments or topographic variability between the grassland and plantation monitoring wells may have reduced the suitability of this approach. However, our field observations and multiple core samples at this site showed homogeneous substrate conditions from À1 to À6 m and justified the application of Darcy's law to belowground fluxes in this system.
[41] Model results showed that the groundwater contributions to transpiration (E gw ) increased with declining z at the beginning of the summer season, agreeing with observed trends (Figure 4 ). This increasing reliance on groundwater is a function of the root resistance formulations and the close covariance between surface q and z in the model structure (Appendix A). For example, declining z in this system is always associated with a drying soil column and increasing hydraulic resistance to root uptake in the vadose zone. As a result, the larger fraction of total belowground resistance was located in unsaturated versus the saturated layers, and a larger proportion of transpiration source water was taken from beneath the deepening water table. Conversely, precipitation inputs and increasing q in upper soil layers are associated with rising z. Higher hydraulic conductivity and a large percentage of total root biomass in these upper layers results in a lower fraction of transpiration water withdrawn from beneath the shallower water table.
[42] The second part of the simulation period was marked by large grassland-plantation hydraulic gradients increasing up to 0.6 m. To maintain modeled plantation z close to observations during this period, a linear decline in saturated hydraulic conductivity between À1.5 and À6 m soil depth was adopted to reduce Darcian inputs from the surrounding grassland. During this portion of the study period, our observations showed E. camaldulensis displayed phreatophytic behavior after the partial recovery of surface q.
Groundwater uptake in the model during this interval, on the other hand, is distributed more to the unsaturated vadose zone. As a result, modeled z does not decline as a function of groundwater uptake during the latter portion of the simulation period as quickly as observations indicate. As discussed above, fine root mortality during the dry season may have been responsible for the continued phreatophytic behavior displayed by E. camaldulensis after the seasonal recovery of q, but temporal root dynamics are not included in the model environment.
[43] Jobbágy and Jackson [2004] suggested that root exclusion during groundwater uptake contributed to an observed buildup of salinity beneath this plantation relative to the nearby grassland. Salinity typically increases in zones of net groundwater discharge [Heuperman, 1999; Morris and Collopy, 1999; Mahmood et al., 2001] . However, the baseline annual water balance presented here (simulation 1 in Table 4 ) suggested thru fall plus Darcian inputs to the plantation (recharge) were greater than groundwater uptake, deep drainage and soil evaporation (discharge). These model results would not necessarily be expected to cause an increase in salinity beneath the plantation. However, the model results did also indicate an extended period ($100 days) of net groundwater discharge during the summer as modeled z declined from À100 to À300 cm. This decrease in modeled z matched observations during this period. Incomplete flushing of salts from the root zone after extended periods of net groundwater discharge may be one mechanism responsible for the modeled annual groundwater fluxes presented here and the salinity observations presented by Jobbágy and Jackson [2004] . Preferential vertical flow though macropores formed by decaying root has been observed in other Eucalyptus plantations [Bramley et al., 2003] and suggests that periods of positive water balance may not remove salt concentrations initiated during uptake. Spatial variability in evapotranspiration excess over precipitation in the plantation [Calder, 1998] could also have led to increased plantation groundwater discharge and salinity not captured in the 1-D model framework. Finally, estimates of stand-level transpiration are highly sensitive to the value of LAI used in the simulations; additional LAI measurements elsewhere in the Pampas and at Castelli suggest that the modeled LAI of 4.25 might be low for this system during the summer, leading to an underestimate of E. Higher values of E associated with increased LAI may lead to a negative annual water balance and a buildup of salinity beneath the plantation.
Controls on Plantation Water Use
[44] The observations and model sensitivity analyses help describe the principal biophysical factors governing plantation interactions with grassland hydrologic cycles. First, observations showed E throughout the study period was almost linearly related to total solar radiation and daily average VPD, indicating water use was controlled primarily by available energy and overall evaporative demand in this system. Concurrent with these results, modeled E was most sensitive to the canopy parameters describing LAI and the minimum midday Ψ L causing stomatal closure (Table 4 ). In the model, both of these parameters are primary determinants of total canopy water use, since total evaporating surface area is proportional to LAI, and the minimum Ψ L sets soil-root-leaf hydraulic limits on water loss at leaf surfaces [Williams et al., 1996] . The strong sensitivity of E to LAI and minimum midday Ψ L therefore reflects the atmospherically driven rates of water use in this system and the overall lack of drought stress during the simulation period. Atmospherically driven evapotranspiration rates have been described in other hydrologic studies in grasslands of Argentina [Varni et al., 1999] . The results pre-sented here therefore suggest that in areas of the Pampas with precipitation excess or in wet zones where evaporation rates scale with available energy, LAI values and morphological characteristics regulating canopy vapor and hydraulic conductance will likely mediate the hydrologic impact of plantations in these grasslands [Calder, 1998] .
[45] For species requiring direct groundwater withdrawals to meet transpiration demands, hydraulic conductivity of soils in the Pampas may control the aerial extent and productivity of plantations. The soil saturated conductivity controls the distance over which Darcian flow from the surrounding grassland can recharge plantation groundwater levels on daily timescales. Decreasing conductivity values will therefore result in deepening water tables beneath plantations during periods when evapotranspiration is greater than precipitation and groundwater inputs. The model simulations suggest soil hydraulic conductivity may have declined with depth at our study site, since maintaining a constant conductivity in all soil layers led to an overestimate of plantation z 20-40 cm higher than observations during the last part of the simulation period. On the other hand, simulations with significant reductions in hydraulic conductivity from baseline values led to a rapid depletion of plantation water tables beneath the À6 m boundary as transpiration increased during the dry season. Increasing the distance from the input grassland z implicit in the 1-D model environment caused a similar rapid depletion of water tables beneath the plantation. Together, these results agree with those of Jobbágy and Jackson [2004] suggesting that water stress in the center of large plantations located in areas of low aquifer transmissivity may limit productivity for phreatophytic tree species. Further studies on water use patterns in Eucalyptus plantations in areas of the Pampas characterized by differing soil types, precipitation regimes and groundwater resources should help test this prediction and the hydrological interactions surrounding it.
Appendix A: Model Description
[46] We employed the SPA canopy model [Williams et al., 1996] with updated root functions [Williams et al., 2001] and soil column subroutines [Stieglitz et al., 1997; Engel et al., 2002] to simulate plantation hydrology. SPA is an n-layer canopy model that has been applied in diverse ecosystems and validated with canopy-scale fluxes of latent energy and CO 2 . [Williams et al., 1996 [Williams et al., , 2001 For each canopy layer, an iterative function simultaneously determines photosynthesis and Penman-Monteith transpiration rates for sunlit and shaded leaves. The model employs hydraulic constraints on leaf conductance using a threshold parameter (i) governing stomatal sensitivity to a prescribed minimum midday leaf water potential (Ψ L , MPa) and water use efficiency. Lower prescribed Ψ L results in increased drought tolerance and increased ability to withdraw water from a drying soil column. Subroutines for calculating throughfall and interception of precipitation as well as evaporation from wet leaves were retained from Williams et al. [1996] . The formulations of root resistances were adopted from Williams et al. [2001] and include both axial and radial components. In this scheme, the belowground hydraulic resistance to transpiration uptake in each soil layer is a function of root resistance and volumetric water content.
Transpiration demand calculated at the leaf surface is withdrawn from the soil following a distribution based on the fraction of total belowground hydraulic resistance (soil plus roots) in each soil layer. Larger fractions of source water are therefore withdrawn from soil layers with lower hydraulic resistance. A complete description of the belowground subroutines is given by Williams et al. [2001] .
[47] Soil properties and physical processes are represented with a modified version of the n-layer soil column described by Stieglitz et al. [1997] . A five-layer model was employed with a lower boundary condition at À6 m. Individual layer thickness and mineral fractions were estimated from soil core observations at the study site (Tables 3  and 4 ). Within the soil column, diffusion and a modified tipping bucket model govern heat and water flow, respectively, with modified subroutines controlling upward movement of water due to capillary forces. Within each time step z is updated first based on precipitation infiltration, transpiration withdrawals and local groundwater fluxes. Capillary transport at K q moves water from saturated zones upward to soil layers with matric potentials less than the equilibrium values calculated from the elevation above the water table. Then z is lowered by an amount equivalent to that redistributed through capillarity and the updated value is carried into the next model time step. During drainage, the amount of water removed from each soil layer is equivalent to the excess above either field capacity or the equilibrium matric potential, whichever is greater.
[48] Lowering total porosity relative to field capacity controlled SY values in the 5 soil layers. This modification is consistent with the determination of z within individual soil layers in the model environment [Stieglitz et al., 1997] . Groundwater inputs to the plantation from the surrounding grassland are calculated using Darcy's law assuming conditions of a homogeneous unconfined aquifer and are added directly to the soil layer containing the free water surface. At each time step grassland z is used as an input and Darcian flow is calculated as K sat (dh/L), where dh is the difference in elevation head between the input grassland value and the modeled plantation z, L is the distance (200 m) between the two monitoring wells, and K sat was estimated from the well test results. Discharge at the À6 m lower model boundary layer was estimated from groundwater recession rates observed at the grassland monitoring well. The recession rates were calculated during periods of little to no rainfall when z was below the approximate 1.5 m of rooting depth influence of grassland species. A constant discharge of $2.0 Â 10 À8 m s À1 produced the best match with observations. Notation E transpiration, mm d À1 . E gw transpiration derived from groundwater withdrawals, mm d À1 . K sat saturated hydraulic conductivity, m s À1 . LAI leaf area index, m 2 m À2 .
q soil moisture content, cm 3 cm À3 . U sap flux density, kg m À2 s À1 . z depth to water table, cm. dz/dt change in plantation water table depth from 0000 to 0400 hrs, m d À1 .
dz ref net daily changes in the reference monitoring well, m d À1 . dz pl net change in plantation water table depth over a 24 hr period, m d À1 . dz sum of fluxes contributing to groundwater fluctuations, dz/dt + dz ref + dz pl . SAI sapwood area index, m 2 m À2 . SY sediment specific yield, m mm À1 .
